A number of Micromonospora strains isolated from the water column, sediment, and cellulose baits placed in freshwater lakes were shown to be able to degrade cellulose in lake water without any addition of nutrients. A selective isolation method was also developed to demonstrate that CFU arose from both spores and hyphae that inhabit the lake environment. Gyrase B gene sequencing performed on the isolates identified a number of new centers of variation within Micromonospora, but the most actively cellulolytic strains were recovered in a single cluster that equated with the type species of the genus, M. chalcea.
Cellulose, the most abundant form of fixed carbon in the biosphere, is insoluble and its efficient degradation is largely restricted to those specific groups of microorganisms that are able to produce multiple cellulases (14) . Many microorganisms can attack amorphous cellulose to some degree, but relatively few taxa can completely degrade highly crystalline cellulose, of which the best example is cotton. In terrestrial environments, cellulose tends to be highly lignified and more difficult to degrade, and both fungi (14) and actinomycetes (15) can obtain access to cellulose in woody tissue due to their hyphal growth form. In contrast, little is known about the contributions of different groups of microorganisms to cellulose degradation in aquatic ecosystems.
Micromonosporas are a group of actinomycetes that are usually present in large numbers in soil but are well adapted to water dispersal, as evidenced by the absence of aerial hyphae and production of hydrophilic spores. They can be readily recovered from aquatic environments, especially lake sediments (4), but it is important that their presence is not equated with activity, for micromonosporas produce enormous numbers of spores that can accumulate and remain viable in lakes. Although they grow slowly and can be easily missed or outcompeted in culture-based surveys (27) , the ability to degrade complex polysaccharides such as cellulose and chitin is regarded as common among the micromonosporas (12) . Against this background, the study reported here concentrates on determining the presence, growth, diversity, and cellulolytic ability of Micromonospora strains colonizing cellulose baits placed in freshwater lakes.
Micromonosporas were recovered from two lakes of contrasting trophic status in the English Lake District: Esthwaite Water and Priest Pot. The former is 15 m in depth, 113 ha in area, and eutrophic (average chlorophyll a concentration, 54 g liter Ϫ1 ) (5). Priest Pot is 3.5 m deep, 1 ha in area, and is hypereutrophic (average chlorophyll a concentration, 300 g liter Ϫ1 ) (3). Stratification leading to the formation of an anaerobic zone occurs in the summer months in both lakes but is more persistent in Priest Pot, which is sheltered and has steep oxygen and temperature gradients. Cotton was dewaxed by repeated chloroform-ethanol extraction (29) in a Soxhlet apparatus (Quickfit; SciLabware, Stone, England) prior to use as baits for the recovery of cellulolytic microorganisms from the lakes. The baits (0.5 g) were placed in nylon mesh bags, tethered to ropes at different depths, and recovered at intervals of up to 3 months. Water was also sampled at two depths from both lakes using a Niskin bottle, and loose surface sediment samples were taken with a Jenkins sediment corer (21) .
Micromonospora strains were isolated by vigorous physical shaking of the recovered baits in 10 ml phosphate-buffered saline (Sigma) followed by heat treatment of the suspension at 65°C for 10 min prior to plating in triplicate on M3 agar (17, 22) . Sediment samples (20 ml) were serially diluted in sterile buffer before the heat treatment and plating on M3, while lake water samples (20 to 40 ml) were membrane filtered (0.2 m pore size; Millipore) after heat treatment, and the membranes placed face down on M3 agar plates, incubated at 30°C and removed after 24 h. The M3 plates were incubated for a further 2 weeks, Micromonospora colonies were enumerated, and representative morphotypes were isolated and subcultured. Micromonospora colonies were identified by their appearance (small orange, red, brown or black colonies, finely branching substrate hyphae of Ͻ0.5 m in diameter, and few or no aerial hyphae) verified by direct observation of colonies under a light microscope fitted with a 32ϫ long-working-distance objective lens (Leitz, Wetzlar, Germany). A total of 72 isolates were obtained in this way, and these were routinely cultivated on oatmeal agar (24) plus 0.2% yeast extract with incubation at 30°C. Cultures were stored as suspensions of hyphae and spores in 12.5% (vol/vol) glycerol at Ϫ80°C.
Micromonospora numbers recovered from cellulose baits varied between 2 ϫ 10 3 and 1.2 ϫ 10 4 CFU per bait (0.5 g cellulose). The numbers of micromonosporas recovered from the lake water itself were in the range of 1 ϫ 10 3 to 1.3 ϫ 10 4 CFU liter Ϫ1 , and those from sediment were in the range of 1.5 ϫ 10 5 to 8.4 ϫ 10 5 CFU g Ϫ1 wet weight. The numbers and distributions of micromonosporas were similar in each of the two lakes. In order to obtain evidence for the growth of micromonosporas in the lakes, a differential isolation method was developed based on that used by Wakisaka et al. (26) , in which the antibiotic tunicamycin is incorporated in the M3 isolation agar at 10 g ml Ϫ1 to inhibit the growth of gram-positive bacteria other than micromonosporas. This procedure enabled their isolation without the use of heat treatment, and by comparing CFU obtained, the relative numbers of micromonosporas from hyphal fragments and spores could be determined in any sample. Extracts were obtained from cellulose baits as described above, and 4.5 ml was added to 0.5 ml of 0.1 M NaOH on ice, neutralized with 0.5 ml of 0.1 M HCl after 5 min. This reduces the number of gram-negative bacteria (26) . A 150-l aliquot was plated on M3 agar containing 10 g ml Ϫ1 tunicamycin. Heat treatment (65°C for 10 min) was used to destroy hyphae in the remaining aliquot (2 ml), 150 l of which was also spread on M3 agar plates containing tunicamycin, as were 10 Ϫ1 dilutions. The plates were incubated at 30°C for 15 days before identifying and counting the Micromonospora colonies. Sediment samples were diluted 10-fold in phosphatebuffered saline and processed as described above, and undiluted water column samples were filtered through 0.2-mpore-diameter membranes, which were placed face down on tunicamycin-containing M3 agar and removed after 24 h, after which the plates were returned to the incubator.
Strong evidence for the presence of Micromonospora hyphal fragments was obtained. The data in Fig. 1 show that the proportion of Micromonospora colony counts from hyphal fragments was higher in the baits closer to the surface and decreased with depth. Although there was evidence for hyphae in the baits suspended deep in the water column and at the sediment, the differences between total CFU numbers and those from Micromonospora spores were not statistically significant. Likewise, there was weak evidence for the presence of hyphae in surface waters themselves and in the sediment. In the deepest water column samples (7 and 14 m), micromonosporas were present only as spores (data not shown). This method is not ideal for quantifying absolute numbers of vegetative hyphae in the baits, but it certainly enables the conclusion that (i) micromonosporas will grow in lakes when particulate organic matter is available for attachment under aerobic conditions and (ii) the organisms are not simply present as spores washed in from the surrounding soil.
Scanning electron microscopy (SEM) was used to observe the extent of physical breakdown of cellulose by micromonosporas in lake water. A selection of 17 strains were incubated at 30°C in 20-ml universal bottles containing 4 ml of sterile lake water with dewaxed cotton (0.2 g), the degradation of which was examined by SEM. Samples were dehydrated in ethanol, critical point dried, and coated with 60% Au/Pd in a Polaron E5100 sputter coater. Degraded cotton samples were examined using a Phillips XL 30 scanning electron microscope with an accelerating voltage of 10 to 15 kV. SEM revealed different levels of degradation; colonized cellulose strands sometimes only showed superficial degradation ( Fig. 2A) . Often, however, the strands were penetrated and degraded from the interior, leaving an outside "shell" almost intact (Fig. 2B) . Scanning electron micrographs of baits recovered from the lakes themselves revealed two main degradation patterns: hollow, similar to that observed above with Micromonospora pure cultures (Fig. 2C) ; and in the form of pits in the fiber surface, which appeared to be due to erosion by unicellular bacteria (Fig. 2D) .
Endoglucanase production was determined by growing Micromonospora isolates in minimal salts medium (16) supplemented with 1% fibrous filter paper powder (Whatman, Maidstone, United Kingdom) and then measuring reducing sugars released from carboxymethylcellulose incubated with culture supernatants. The enzyme assay procedure was modified from FIG. 1. Presence of hyphae in cellulose baits placed in Esthwaite Water. Gray and white columns represent numbers of micromonosporas recovered from the baits (10 3 CFU per g cellulose bait) before and after heat treatment, respectively. A decrease in CFU numbers after heat treatment is indicative of the presence of hyphae in the samples, which can be observed with strong confidence in the surface, 3-m, and 7-m samples. Baits placed deeper in the water column and sediment also showed evidence for the presence of hyphae, but this was not statistically significant.
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on July 7, 2017 by guest http://aem.asm.org/ that described previously (16) . One milliliter of culture supernatant, diluted appropriately in 0.1 M potassium phosphate buffer (pH 7), was added to 2 ml of 5% (wt/vol) low-viscosity carboxymethylcellulose (Sigma) dissolved in the same buffer and incubated for 1 h at 50°C with shaking at 170 rpm. Substrate and enzyme controls were used for every sample. Reducing sugars were determined by the dinitrosalicylic acid method (19) . Enzyme activity was expressed as units, each unit corresponding to 1 mol of glucose equivalents released per minute. Protein was measured in the culture supernatant and biomass extracts using the Bradford method (2). For the determination of biomass, the culture was centrifuged and cell pellets were resuspended in 1 M NaOH and boiled for 20 min. Cell debris was removed by centrifugation prior to determination of the protein concentration. In order to assess levels of activity on crystalline cellulose, the strains were incubated in test tubes containing filter paper strips and M3 plus 0.4% yeast extract to a depth of ca. 20% of the tube. Degradation was assessed by visual examination after 1 month at 30°C. The best eight strains included the type strain of Micromonospora chalcea and produced very high levels of endoglucanase (240 to 800 U liter Ϫ1 ), and all extensively degraded filter paper. When incubated in minimal salts medium supplemented with 0.4% yeast extract for 6 weeks at 30°C, these strains almost completely solubilized the cellulose baits (ca. 0.2 g). The levels of enzyme activity produced per unit of biomass (cell pellet protein) indicated that these highly cellulolytic strains were not simply those with the highest growth yields. A second group of 17 isolates produced intermediate levels of endoglucanase activity (42 to 169 U liter Ϫ1 ), but only two of these strains degraded filter paper to any great extent, with the majority producing little or no evidence of degradation. The remaining 48 isolates were poor producers of endoglucanase activity, and none of these strains degraded filter paper to a significant extent.
The gyrase B gene was chosen as a phylogenetic marker for the isolates, as the 16S rRNA gene sequence does not resolve species structure in the genus Micromonospora (11), which was confirmed by our 16S rRNA gene sequence data for 20 of the isolates. Prior to sequencing, restriction fragment length polymorphism analysis of the amplified gyrB gene fragments (1.18 kbp) was performed in order to group the isolates and to select a subset of strains for sequence determination. The strains were grown in yeast extract-malt extract broth (10 g glucose, 3 g yeast extract, 3 g malt extract, 5 g peptone) at 30°C with shaking for 10 days. The biomass was harvested by centrifugation, and total DNA was extracted using a DNA extraction kit (Mo Bio UltraClean). PCR amplification of the gyrB gene was performed using gyrB universal bacterial primers UP1TL and UP2rTL (11) . The amplification products from 67 of the 72 Micromonospora isolates were concentrated and partially purified by ethanol-sodium acetate precipitation (23) and incubated with BstNI restriction enzyme overnight at 60°C. The products were run on a 2% (wt/vol) agarose gel containing ethidium bromide (0.5 g ml Ϫ1 ) for 2 h and examined using a transilluminator. This enabled recognition of seven distinguishable restriction fragment length polymorphism patterns, and multiple examples of each were sequenced.
The amplification products were gel extracted using a QIAprep spin Miniprep kit and cloned using the Promega pGEM-T Easy vector plasmid cloning kit. The plasmids with inserts were extracted using the Eppendorf Perfectprep plas-mid isolation kit, and insert sequences were determined by GATC Biotech (Constance, Germany). Forward and reverse gyrB gene sequences of 42 Micromonospora strains and that of the type strain of M. chalcea NCIMB 12879 were assembled together into contigs (1,180 bp) using the Pregap4 and Gap4 programs of the Staden package (25) , and accuracy of the assembled traces was manually checked. Sequences in GenBank that were closely related to experimental sequences were identified using BlastN (1), and these sequences were aligned using ARB software (beta v. 2003-08-22) (13). The positions corresponding to primer sequences, gap columns, and hypervariable bases were removed, leaving a final alignment of 1,151 bp covering the region 314 to 1486 of the gyrB sequence of Escherichia coli K-12. The optimized alignment was exported, and a maximum likelihood tree was constructed using PhyML (v. 2.4.4) (6), with 100 bootstrap samplings. Phylip DNAPARS was run in ARB in order to calculate a maximum parsimony tree with vertical gap compression, random sequence order, and 100 bootstrap samplings. Tree topologies and bootstrap support for branching were compared between the two trees and found to be similar, and the maximum likelihood tree is presented in Fig. 3 . All of those isolates that exhibited high cellulolytic activity were recovered in cluster I, as well as the two gyrB M. chalcea sequences: one from the type strain cultured in the laboratory and the other downloaded from the GenBank database. A second major cluster (II) containing 16 strains was delineated, but it did not include any named species from the database and may represent a novel center of variation within the genus. Other strains were related to Micromonspora coerulea and Micromonospora purpureochromogenes, whereas isolates 48, 65, 20, 83, 78, and 25 branched close to but not within the Micromonospora aurantiaca and M. chalcea clusters. Micromonospora strain 42 was not closely associated with any named species or any other lake isolate.
There are few studies on the ecology of micromonosporas in lakes to which the data presented here can be compared. Most of the information on the occurrence of Micromonospora spp. in aquatic habitats was published over 20 years ago (4, 10, 12) . The presence of micromonosporas along with other actinomycetes and their interaction with fungi in submerged macrophytes and decomposing leaf matter have been investigated in some more recent studies (18, 27, 28) , whereas others have focused on the diversity and isolation of members of the Micromonosporaceae from different habitats such as marine sediments and Antarctic rocks (7) (8) (9) 20) . None of these studies have addressed the potential role of micromonosporas as degraders of particulate organic matter in the aquatic environment, and there have been no previous attempts to relate function to species identity.
The data presented here show that micromonosporas are part of the indigenous cellulolytic community in freshwater lakes. The importance of micromonosporas in cellulose degradation in lakes relative to other aerobic microorganisms remains to be determined. Recognition that micromonosporas can be truly aquatic actinomycetes of freshwater lakes may be added to the relatively recent classification of certain members of the Micromonosporaceae as marine microorganisms and the suggestion that they are the first actinomycetes to be identified as such (20) .
